The renal carcinogen, ferric nitrilotriacetate (Fe-NTA), is known to induce oxidative stress and the subsequent formation of a type of oxidative DNA damage, 8-hydroxyguanine (8-OH-Gua), in the rat kidney (Umemura et al., 1990). Using an improved DNA isolation method (Nakae et al., 1995), which reduces the background level of 8-OHGua, we found a five-fold increase in the 8-OH-Gua level in kidney DNA after a single i.p. injection of Fe-NTA. On the basis of the report that 8-OH-Gua repair activity is enhanced after cells are exposed to oxidative stress due to ionizing radiation (Bases et al., 1992), the measurement of 8-OH-Gua repair activity will also be useful to assess cellular oxidative stress. The 8-OH-Gua repair enzyme activity was determined with an endonuclease assay using a 22 nier DNA that contains 8-OH-Gua at a specific position. A five-fold increase in the 8-OH-Gua repair activity as compared with the control, was observed in the target organ, the rat kidney, 120 h after Fe-NTA administration. In the non-target organ, the liver, the increase was not as large (two-fold). This simple assay of oxidative DNA damage repair will be useful for evaluating the carcinogenicity of oxygen radical forming chemicals, in addition to chemical analyses of oxidative DNA damage.
Introduction
Oxygen radicals are produced by many chemical carcinogens in vivo and by normal oxygen metabolism, and cause damage to cellular macromolecules, such as proteins and DNA. 8-Hydroxyguanine (8-OH-Gua*) is a major form of oxidative DNA damage (1), which induces mainly GC-»TA transversions in Escherichia coli and mammalian cells (2) . The 8-OH-Gua level in cellular DNA can be measured with high sensitivity by a high performance liquid chromatography and electrochemical detector (HPLC-ECD) system (3). After oxygen radicalforming treatments, such as KBrO 3 (4), 2-nitropropane (5), Fe-NTA (6), aflatoxin Bl (7), and a choline deficient diet (8) , were administered to rats, the formation of 8-OH-Gua was specifically observed in target organs. These data suggested that it would be possible to estimate the carcinogenicity of these types of chemicals by analyzing 8-OH-Gua levels in short-term animal experiments.
It has been reported that the 8-OH-Gua repair activity in
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© Oxford University Press mammalian systems is enhanced after cells are exposed to oxidative stress by ionizing radiation (9) . We hypothesized that the increase of the 8-OH-Gua repair activity would be another biological marker of cellular oxidative stress by chemical carcinogens. A renal carcinogen, ferric nitrilotriacetate (Fe-NTA), causes renal proximal tubular necrosis, as a consequence of iron-mediated peroxidation of the membrane lipids (10), and finally leads to a high incidence of renal adenocarcinoma in rats (11). Oxidative DNA damage may be involved in Fe-NTA carcinogenesis because 8-OH-Gua levels are known to increase in the kidney DNA after the administration of Fe-NTA to rats. In this study, increased oxidative stress in the rat kidney after Fe-NTA administration was confirmed, by 8-OH-Gua analysis and by measurement of its repair activity. This is the first report, apart from preliminary accounts (12) , of the enhanced repair of 8-OH-Gua in animals.
Materials and methods

Animals
Six-week-old male Wistar rats were purchased from Seiwa Experimental Animal Ltd (Fukuoka, Japan), They were provided commercial rat chow (Clea, Tokyo) and tap water ad libitum, and were used after 4 days of acclimation. 3 and Na 2 NTA were each dissolved in Milli-Q water, and were mixed at a molar ratio of 1:4. The pH was adjusted to 7.4 with NaHC0 3 
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-isobutyryl-8-hydroxydeoxyguanosine, obtained from Nard Institute Ltd, Japan, was used to prepare the 22 mer DNA containing 8-OH-Gua (5'-GGTGGCCTGACG*CATTCCCCAA-3', G*: 8-OH-Gua), according to the method of Bodepudi et al. (14) .
Protocol of Fe-NTA treatment
A total of 65 animals were divided into either the Fe-NTA, saline or control groups. In the Fe-NTA group, they were killed at 1 and 6 h, 1, 3, and 5 days and 2 weeks after the injection of Fe-NTA (15 mg Fe/kg body weight, i.p. injection). In the saline group, they were killed at the same times as the Fe-NTA group after the injection of saline (7.5 ml/kg body weight, i.p. injection). In the control group, they were killed without any treatment. Each subgroup contained five animals. The animals were killed under ether anesthesia. The kidneys (target organ) and livers (non-target organ) were immediately removed and then used for the experiments. A part of each organ was frozen and kept at -80°C for the 8-OH-Gua analysis.
Determination of 8-OH-Gua in DNA
The DNA was extracted from the rat organs (100-200 mg) with the DNA Extractor WB Kit (Wako, Japan) according to the method of Nakae et al. (15) . The extracted DNA was digested with 0.8 units nuclease Pi and 1 unit acid phosphatase in a solution of 1 mM EDTA and 10 mM sodium acetate (pH 4.5). After an incubation at 37°C for 30 min, the mixture was treated with the ion exchange resin Muromac (Muromachi Kagaku Kogyo, Japan) to remove the Nal, which is harmful to the ECD. The resin was removed by centrifugation. The supernatant was filtered with a milliporc Samprep C (0.2 mm) unit, and was injected into a HPLC column (Beckman Ultrasphere-ODS, 5 mm, 4.6X250 mm; elution, 10 mM NaH 2 PO 4 containing 8% methanol)
equipped with an ECD (Coulochem II, ESA Inc., USA); guard cell, model 5020 (0.35 V); and analytical cell, model 5011 (electrode 1, 0.15 V; electrode 2, 0.3 V). Aliquots of 20 Jll of deoxyguanosine (dG) (0.5 mg/ml) and 8-hydroxydeoxyguanosine (8-OH-dG) (5 ng/ml) solutions were injected as standard samples. The level of 8-OH-Gua in the DNA was expressed as the number of residues per 10 3 Gua.
Measurement of 8-OH-Gua repair activity
The repair activities of the rat organs were measured by the previously described method (16, 17) with some modifications. Namely, immediately after the animals were killed, 100 mg of each organ were homogenized in 300 )il of 50 mM Tris-HC1 buffer (pH 7.5) containing protease inhibitors (5 mg/ml each of pepstatin, leupeptin, antipain and chymostatin) with a potter-type homogenizer, and were centrifuged at 10 000 g to obtain the crude extracts, which were kept at -80°C until use. The crude extract (50 mg protein) was incubated with 0.05 pmol of the 32 P-end-labeled double stranded-DNA, which contains 8-OH-Gua at a specific position, at 25°C for 1 h. After two ethanol precipitations, the pellet was dried, dissolved in 10 nl of loading buffer (80% formamide, 10 mM NaOH, 1 mM EDTA, 0.1% xylene cyanol, 0.1% bromophenol blue), and denatured by heating at 90°C for 3 min. Aliquots of 10 |il of the sample were applied to a 20% denaturing polyacrylamide gel for electrophoresis. A sample of hot piperidine-treated DNA was also analyzed as a fragment marker (18) . The repair activity was expressed as the ratio of the radioactivity of the excised fragment to the total radioactivity (uncleaved DNA plus cleaved DNA).
Statistical analysis
The values in the results represent the means ± SD. The significance of the differences in the results was evaluated by applying the Wilcoxon rank sum test (using the Exact table).
Results
Typical examples of the analysis of the 8-OH-Gua in the DNA and the repair assay are shown in Figures 1 and 2 , respectively. In the target organ, the kidney, the 8-OH-Gua levels in the DNA increased significantly from 1 h to 1 day (P < 0.01 versus saline) after the administration of Fe-NTA (Figure 3a) . The 8-OH-Gua repair activities also increased significantly from 1 to 5 days (P < 0.01 versus saline) after the administration of Fe-NTA (Figure 3b) . Therefore, the 8-OH-Gua levels in the DNA increased more rapidly to a maximum level than their repair activities. Thereafter, both the 8-OH-Gua levels in the DNA and their repair activities decreased to the control level. On the other hand, in the non-target organ, the liver, the 8-OH-Gua levels in the DNA did not significantly change (Figure 4a ), while their repair activities increased significantly at 5 days (P < 0.01 versus saline) after the administration of Fe-NTA (Figure 4b ), but the degree of increase was smaller when compared with the kidney. These results indicate that both the increase of the 8-OH-Gua levels in the DNA and the repair activities reflect the organ specific carcinogenic potency of Fe-NTA in vivo.
It is worthwhile mentioning that, from 6 h to 1 day after the administration of saline only, significant increases in 8-OH-Gua repair activities were also observed in the kidney (P < 0.01 versus control) (Figure 2, lanes c and e; Figure 3b ), while the 8-OH-Gua levels in the DNA decreased significantly from 6 h to 1 day (P < 0.01 versus control) (Figure 3a) . These phenomena were not observed in the liver. Therefore, an unknown mechanism for a rapid increase in 8-OH-Gua repair activity, for example, due to stress by injection or some physiological effect of NaCl, exists in the rat kidney.
Discussion
Oxidative stress may play an important role in Fe-NTA carcinogenesis (19) . Umemura et al. first reported that a form of oxidative DNA damage, 8-OH-Gua, increased in rat kidney DNA after the administration of Fe-NTA (6). In their study, the 8-OH-Gua levels in the DNA were 2^/10 3 Gua. In this study, the background 8-OH-Gua levels were reduced to 0.2/ lO^ua, using the improved DNA isolation method, and we observed a five-fold increase in 8-OH-Gua as compared with the control at 1 h after Fe-NTA administration. In the present study, we also found an increase in 8-OH-Gua repair activity in the rat kidney after Fe-NTA treatment. The 8-OH-Gua repair activity started to increase from 6 h, and the higher level was maintained until 120 h. These results suggest that the formation of oxidative DNA damage, 8-OH-Gua, enhances its repair activity.
A wide variety of chemical carcinogens has been reported to induce the formation of 8-OH-Gua in target organ DNA. However, using the previous methods of DNA isolation, the background levels of 8-OH-Gua were rather high, and the deviations of the data in the same experimental group were also high. Also, the results of the analyses were very different, depending upon the analytical methods [i.e. HPLC-ECD, GCMS, enzymatic recognition by Fapy glycosylase (20) , etc.]. The possibility that the 8-OH-Gua detected in the DNA is produced partly or mostly as an artifact during DNA isolation, enzymatic digestion, or during the derivatization of the acid hydrolysate (in the case of the GCMS method), has been pointed out (21) (22) (23) (24) . However, it is also true that after AFB1 administration to rats, liver nuclei with increased levels of 8-OH-Gua were directly stained by an immunoperoxidase method using a monoclonal antibody to 8-OH-Gua (25), without DNA isolation.
In the present study, we confirmed that the rapid DNA isolation method using the commercial kit is useful to provide reproducible data of the 8-OH-Gua levels in rat organ DNA, with low background. In the target organ, where enhanced 8-OH-Gua levels were observed, we also confirmed enhanced oxidative stress by a completely different biological assay method, namely, the 8-OH-Gua repair assay. By measuring the 8-OH-Gua repair activity in addition to analyzing the 8-OH-Gua in each organ after the administration of chemicals to animals, more reliable data for evaluating the carcinogenicity will be obtained.
